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Abstract—Reconfigurable Intelligent Surfaces (RIS) or Intel-
ligent Reflecting Surfaces (IRS) are metasurfaces that can be
deployed in various places in wireless environments to make
these environments controllable and reconfigurable. In this paper,
we investigate the problem of using 3D beamforming in RIS-
empowered wireless networks and propose a new scheme that
provides more degrees of freedom in designing and deploying the
RIS-based networks. In the proposed scheme, a base station (BS)
equipped with a full dimensional array of antennas optimizes its
radiation pattern in the three dimensional space to maximize
the received signal to noise ratio at a target user. We also study
the effect of angle of incidence of the received signal by the
RIS on its reflecting properties and find a relation between this
angle and the BS antenna array’s tilt and elevation angles. The
user receives the signal from a reflected path from the RIS as
well as from a direct path from the BS which both depend on
the BS antenna array’s tilt and elevation angles. These angles
and also the RIS element’s phase shifts are jointly numerically
optimized. Our simulation results show that using RIS-assisted
3D beamforming with optimized phase shifts and radiation angles
can considerably improve the performance of wireless networks.
Index Terms—Reconfigurable Intelligent Surfaces (RIS), In-
telligent Reflecting Surfaces (IRS), smart radio environment, 3D
Beamforming (3DBF), tilt angle optimization, vertical beamform-
ing, FD MIMO, 3D MIMO, passive beamforming.
I. INTRODUCTION
A common assumption in all analysis and studies on wire-
less communication is that the propagation environment is
static and has an uncontrollable behavior. However, recent
studies show that by proper placement of Reconfigurable
Intelligent Surfaces (RISs); a.k.a., intelligent reflecting sur-
faces (IRSs), smart surfaces and large intelligent metasurfaces
(LIMs); in the environment, the wireless channel can be
electronically controlled to have desired behavior and enable
better performance in wireless systems [1]. These surfaces are
in fact reflecting antennas made from metasurfaces and their
reflection properties are controlled by electronic devices like
pin-diodes or varactors.
Recently, RIS-assisted (or IRS-assisted) wireless networks
have attracted much attention from researchers and different
aspects of these networks have been studied in the literature
Reconfigurable Intelligent Surface
Fig. 1: Illustration of an RIS-assisted wireless network showing one
RIS-reflected path and a direct link between the BS and a user.
[1]. In almost all of these papers, it is assumed that an RIS
is a passive reflector metasurface composed of a number of
reflecting elements (meta-atoms) and by optimizing the phase
shifts at these elements, the received signal at the destination
can be improved [2]–[4]. These performance improvements
can be measured by various metrics like spectral efficiency
[5], [6], secrecy rate [4], [7] and energy efficiency [8].
Another technique that has been proposed to be used in the
next generation of wireless networks (5G and 6G) is three
dimensional (3D) beamforming [9]. In this technique, the
radiating pattern of the base station (BS) can be controlled
in both azimuth and elevation planes in the 3D space. In
fact, in addition to the other network parameters, two other
design parameters are the BS antenna array’s tilt and azimuth
angles [10]. By adjusting these angles, the radiating beam
can be pointed to any desired direction which improves the
performance of the network.
In this paper, we study the 3D beamforming technique
in an RIS-assisted wireless network. We consider a network
consisting of a multi-antenna BS, an RIS and a single antenna
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user equipment (UE) in which the UE receives the signal from
both a direct path from the BS and also through a reflected path
from the RIS. The BS array changes its radiation orientation
(i.e. tilt and azimuth angles) in the 3D space and hence the
received signals by the RIS and the UE vary accordingly.
Our main idea is that by adapting the incident angle of
the signal received by the RIS, which in turn is controlled
by the BS antenna’s tilt and azimuth angles, we can have
more control of the behavior of the surface and finally more
degrees of freedom for the received signal by the UE. The
reflected signal by the RIS also depends on the phase shift
of its reflecting elements that need to be optimized. Hence,
we formulate an optimization problem that jointly optimizes
the radiation angles of the BS as well as the RIS elements’
phase shifts to maximize the signal to noise ratio (SNR)
at the UE. We numerically solve the resulting optimization
problem. The results illustrate the efficiency of the proposed
scheme and show that optimizing the radiation angles at the
BS in conjunction with optimizing the phase shifts at the
RIS can considerably improve the performance of the RIS-
assisted wireless networks. In our simulations, we compare
the performance of the optimal phase shifts at the RIS with
the case that the RIS phases are selected randomly and also
the case that the phase shift matrix at the RIS is an identity
matrix. We also study the effect of the number of reflecting
elements at the RIS on the performance of the network.
The rest of the paper is organized as follows. Section II de-
scribes the system model and 3D modeling of the transmitted
signal by the BS. In Sec. III, the received signals at the RIS
and the user are derived and the received SNR at the UE is
calculated. Section IV presents the optimization problem for
the BS radiation angles and the RIS phase shifts. Numerical
results are presented in Section V and finally the paper is
concluded in Section VI.
II. SYSTEM MODEL
As depicted in Fig. 1, we consider an RIS-empowered
wireless network in which a BS equipped with an array of M
antennas serves a single antenna user. The channel between
the BS and the RIS, between the BS and the UE and between
the RIS and the BS are denoted by Hr ∈ CN×M , hd ∈ CM×1
and g ∈ CN×1, respectively. We study a simple system
consisting of one RIS and one user in order to gain some
basic understanding of RIS-assisted 3D beamforming.
We assume that the antenna array at the BS is a uniform
rectangular array with M antennas placed at the x-z plane
and can electronically adjust its radiation beam in a 3D space.
The BS antenna’s radiation orientation in 3D space is defined
by a tilt (vertical or elevation) angle θBS ∈ [−pi/2, pi/2] in
the vertical domain and an azimuth (horizontal or scan) angle
φBS ∈ [−pi/2, pi/2] in the horizontal domain. As depicted
in Fig. 2, θBS is defined as the vertical angle between the
BS antenna main beam (boresight angle) and the horizontal
axis. φBS is also the horizontal angle between the BS antenna
boresight and an axis that is normal to the BS array (we
assume that this axis is parallel to the RIS). Utilizing active
antenna systems (AAS), these two angles can be controlled
electronically without changing the actual mechanical orien-
tation of the BS array.
The vertical antenna attenuation (pattern) is defined as [9]
AV (θBS) = min
[
12
(
θBS − θo
θ3dB
)2
, AVm
]
, (1)
where θ3dB is the 3dB beamwidth of the BS antenna radiation
pattern and AVm is the maximum side-lobe level of the antenna
pattern in the vertical plane. The angle θo is the direction of
the receiver (RIS or UE) in the vertical plane.
Similarly, in the horizontal domain, the attenuation in the
radiation pattern is defined as [9]
AH (φBS) = min
[
12
(
φBS − φo
φ3dB
)2
, AHm
]
, (2)
where φ3dB is the 3dB (half power) beamwidth of the BS
antenna radiation pattern and AHm is the maximum side-lobe
level of the antenna pattern in the horizontal domain. The
angle φo is the direction of the receiver (RIS or UE) in the
horizontal plane.
Using (1) and (2), the overall BS antenna gain in dB scale
becomes [11]
A (θBS, φBS) = Amax −min (AV (θBS) +AH (φBS) , Am) .
(3)
Here, Amax is the maximum directional gain of the antenna
array elements. In addition, it is usually assumed that Am =
AVm = A
H
m = ∞. From (1), (2) and (3), and by defining
αmax = 10
Amax/10, the BS antenna gain in linear scale
becomes
α (θBS, φBS) = αmax 10
−1.2
θBS − θo
θ3dB
2+
φBS − φo
φ3dB
2
,
(4)
III. RECEIVED SIGNAL AT THE RIS AND UE
Assuming the transmitted signal by the BS is denoted by s,
the received signal at the RIS becomes
yR =
√
αr (θBS, φBS) Hrws, (5)
where w ∈ CM×1 is the beamfoming vector at the BS, and
αr = αmax 10
−1.2
θBS − θoRIS
θ3dB
2+
φBS − φoRIS
φ3dB
2.
(6)
The angles θoRIS and φ
o
RIS are defined as in Fig. 2 and we
assume that they are all the same among the RIS elements.
In other words, although different elements of the RIS receive
signals from different angles, θoRIS and φ
o
RIS can be assumed as
the average of these angles and are used among all elements.
Also, we assume that the transmitted signal is normalized, i.e.,
E{|s|2} = 1.
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Fig. 2: 3D dimensional modeling of the network.
The RIS consists of N elements where the i’th element, i =
{1, 2, ..., N}, introduces a phase ψi ∈ [0, 2pi] and amplitude
βi ∈ [0, 1] to the reflected signal. The overall reflection matrix
of the RIS is defined as
Ω(β,Ψ) = diag
(
β1e
jψ1 , β2e
jψ2 , . . . , βNe
jψN
)
, (7)
where Ψ = [ψ1, ψ2, . . . , ψN ] and β = [β1, β2, . . . , βN ].
An important fact about metasurface-based reflector arrays
and RISs is that their reflection properties depend on the
incident angle of the incoming wave. The angle of the incident
signal to the RIS can be defined by two angles of θiRIS and
φiRIS which are defined in Fig. 2. In other words, similar to the
BS, the received signal by the RIS comes from an elevation
(or tilt) angle θiRIS and an azimuth angle φ
i
RIS.
In a more accurate modeling of the RIS behavior, the phase
and amplitudes of the elements depend on the incident angle.
Therefore, from (7), the reflection matrix of the RIS can be
written as
Ω
[
β(θiRIS, φ
i
RIS),Ψ
]
= diag[β1(θ
i
RIS, φ
i
RIS)e
jψ1 ,
β2(θ
i
RIS, φ
i
RIS)e
jψ2 , . . . , βN (θ
i
RIS, φ
i
RIS)e
jψN ].
(8)
It should be noted again that in (8), we assume that all the
elements in the RIS have the same incident angle. This is
because the distance between the BS and the RIS is assumed
to be very large compared to the dimension of the surface.
In addition, it is easily seen from Fig. (2) that
θRIS = θBS
∆
= θ
φRIS = φBS
∆
= φ.
(9)
Please note that there is a little difference between the defini-
tion of the tilt and azimuth angles in the BS and the RIS. For
example, the tilt angle at the BS is defined as an up-tilt angle
whereas in the RIS, θRIS is a down-tilt angle. Eq. (9) states
that the absolute values of these angles are the same.
From the electromagnetic theory, we know that the maxi-
mum reflection from the surface is when the incoming wave
is perpendicular to the surface, i.e. when θ = 0 and φ = pi/2
in Fig. 2. On the other hand, if the incoming wave is parallel
to the surface (i.e. θ = pi/2 or − pi/2 and φ = 0 or pi), the
minimum induction will happen and the reflected signal of the
surface will be very weak. An example function that can model
this bahaviour is as follows. The amplitude of the reflection
matrix, i.e. the vector in β in (7), can be approximated by
βi(θ, φ) = K1 cos(θ) sin(φ) +K2. (10)
In (10), K1 and K2 are two constants that determine the gain
of the RIS and since the RISs are usually passive and do not
amplify the signal, K1+K2 = 1 (i.e. the maximum value of βi
is one). In addition, K2 shows the reflection amplitudes in the
case that the radiated signal is parallel to the RIS and hence
it is much smaller than K1 (for example in our simulations,
we assume K1 = 0.9 and K2 = 0.1). It should be noted that
the reflection amplitude βi is the same on all the reflecting
elements (i.e. it is independent of i). Substituting (10) in (8),
we have
Ω(Ψ, θ, φ) = [K1 cos(θ) sin(φ) +K2] diag[e
jψ1 , . . . , ejψN ].
(11)
The UE receives signals from a direct path from the BS and
also from a reflected path off the RIS and it can be written as
yu = y
d
u + y
R
u + n. (12)
Here, n ∼ CN (0, σ2) is the received additive white Gaussian
noise at the user and ydu is the received signal from the direct
path that can be expressed as
ydu =
√
αd (θUE, φUE) h
T
d ws, (13)
where θUE and φUE are the tilt and azimuth angles of the UE
with respect to the BS radiation pattern that are fixed for a
given position of the user. Furthermore,
αd = αmax 10
−1.2
θBS − θUE
θ3dB
2+
φBS − φUE
φ3dB
2
.
(14)
In addition, yRu is the UE received signal from the RIS. This
signal can be expressed as
yRu = g
HΩ yR =
√
αr (θBS, φBS) g
HΩ Hr w s. (15)
By substituting (13) and (15) in (12), we have
yu =
√
αd (θBS, φBS) h
H
d ws
+
√
αr (θBS, φBS) g
HΩ Hr ws+ n.
=
[√
αd hHd +
√
αr gHΩ Hr
]
ws+ n.
(16)
From (16), the instantaneous SNR of the received signal can
be obtained as
γ =
∣∣∣(√αd hHd +√αr gHΩ Hr )w∣∣∣2
σ2
. (17)
In (17), the received SNR depends on the beamforming vector
w as well as the tilt angle θ and azimuth angle φ at the BS. In
addition, it depends on the phase shifts Ψ = [ψ1, ψ2, . . . , ψN ]
at the RIS. Since, we assume that there is only one user in
the network, for any given set of θ, φ, and Ψ, maximal ratio
transmission (MRT) beamforming at the BS is optimal and
hence, we set [12]
w∗ =
(√
αd hHd +
√
αr gHΩ Hr
)H∥∥∥√αd hHd +√αr gHΩ Hr∥∥∥ . (18)
IV. JOINT 3D BEAMFORMING AND PHASE OPTIMIZATION
As we mentioned before, our main aim in this paper is to
jointly optimize the 3D beamforming parameters (i.e., the tilt
and azimuth angles at the BS) and the phase shifts Ψ at the
RIS to have the best signal at the UE. We assume that perfect
channel state information (CSI) of hd, H, and g are available
at the BS. The objective of the optimization is to maximize the
received SNR at the UE as in (17) subject to some constraints
on the values of the tilt and azimuth angles as well as the
phase shifts at the RIS elements. The resulting optimization
problem can be formulated as
max
θ,φ,Ψ
γ(θ, φ,Ψ) =
∣∣∣(√αd hHd +√αr gHΩ Hr )w∗∣∣∣2/σ2
s.t. − pi/2 ≤ θ ≤ pi/2
0 ≤ φ ≤ pi
0 ≤ ψi ≤ 2pi, i = 1, . . . , N.
(19)
This optimization problem is complex to solve it analytically
but it can be solved numerically. In the next section, the results
of this optimization problem are presented.
V. SIMULATION RESULTS
In this section, we show the results of our numerical
simulations that are performed to evaluate the performance
of the proposed scheme. We assume that the BS is equipped
with a planar array with M = 64 antenna elements. The 3D
parameters of the antenna array are set to Amax = 0 dB,
θ3dB = 15
o and φ3dB = 65o [11]. The relative elevation and
azimuth angle of the RIS with respect to the BS is θRIS = 40o
and φRIS = 50o. As it was shown in Fig. 2, these values
depend on the relative position of the RIS and the BS, i.e. the
relative height of the RIS to the BS and its distance to the BS.
(a) φ = 10o
(b) φ = 30o
(c) φ = 50o
Fig. 3: Received SNR at the UE versus the BS tilt angle for different
BS azimuth angle φ (for optimum and random phase shift at the RIS).
In addition, we assume that the UE is located in a position
that its elevation and azimuth angles from the BS view are
θUE = −20o and φUE = 10o.
The optimum values of the parameters θBS, φBS and the RIS
phase shifts Ψ can be jointly obtained from (19). However, in
Fig. 4: Received SNR at the UE versus the BS tilt angle for different
number of reflecting elements at the RIS (N ) when optimum phase
shifts are used at the RIS (with φ = 30o).
our numerical simulations, to better show the effect of tilt and
azimuth angles on the performance, we first fix the tilt and
azimuth angles and then for a given θBS and φBS, we find the
optimum phase shift vector Ψ from (19).
Fig. 3 depicts the received SNR at the UE versus the BS tilt
angle for three different azimuth angles of φ = 10o, 30o, 50o,
each is shown in one of the sub-figures. We see that the
received SNR changes when the BS changes the orientation
of the radiation beam and the maximum value of the SNR is
obtained when the tilt angle is towards the user (i.e. θ = −20o)
or when it is directed towards the RIS (i.e. θ = −40o). In each
sub-figure, two graphs are presented which correspond to the
optimum RIS phases (obtained from (19)) and the random
phase at the RIS. In all the cases, the optimum phase case
shows substantial gains compared to the random phase case.
In addition, when the BS radiating beam in the azimuth plane
is towards the user (i.e. φ = 10o), the effect of the RIS phase
optimization is less than the case in which the BS radiating
beam in the azimuth plane is towards the RIS (i.e. φ = 50o).
The best performance is when the radiated beam is towards the
RIS in both azimuth and vertical planes and the phase shifts
at the RIS are optimized through (19). This shows the effect
of using RIS in the network.
Fig. 4 shows the effect of the number of RIS elements N
on the received SNR when the optimum phase shifts are used
at the RIS. In this figure, the BS’s azimuth angle is set to
φ = 30o. We see that when the radiating beam is towards the
RIS, the performance improves with the number of reflecting
elements. However, when the BS tilt is towards the user,
the number of RIS elements does not have any considerable
effect on the performance. In addition, it can be seen that the
performance of the RIS-assisted network with a large number
of reflecting elements (N ≥ 32) is much better than a network
that doesn’t use RIS.
VI. CONCLUSION
In this paper, we presented a transmission scheme for wire-
less networks that are empowered by an RIS. The proposed
scheme adopts the 3D beamforming technique at the BS and
tries to jointly optimize the tilt and azimuth angles of the BS
and the phase shifts at the RIS. The optimum values of these
parameters are obtained by numerical optimization and the
effect of changing the BS radiation angles on the performance
is studied. In addition, we studied the effect of the number
of reflecting elements at the RIS taking into account the
effect of angle of incidence of the received signal by the RIS
on its reflecting properties. In summary, from the simulation
results we conclude that when an RIS with a large number
of reflecting elements and optimized phases is deployed at the
network and the BS also uses 3D beamforming to optimize its
radiation pattern direction, the performance of the network will
be considerably better than the network that does not use RIS
or an RIS-assisted network that does not use 3D beamforming.
This paper assumed a basic model of one RIS and a single
user system to show the advantages of using 3D beamforming
in RIS-assisted networks. In our future work, we will extend
the analyzed system to a multi-RIS and multi-user scenario.
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